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A B S T R A C T
We have studied the electrochemical deposition of Rh on polycrystalline Ag substrates from electrolytes
containing chloride and sulphate anions. Chronoamperometry and cyclic voltammetry have been
employed in order to elucidate the growth mechanism. Anions play a key role in the growth mechanism
and the resulting structures. In the presence of sulphate anions Rh deposition follows a 3D nucleation—
growth mechanism, while a 2D nucleation—growth is obeyed in the case of electrolytes containing
chloride anions. Ab initio thermodynamics studies support the hypothesis that chloride anions stabilize
the Rh deposition favouring a 2D mechanism at low overpotentials in good agreements with the
experimental data.
ã 2015 Published by Elsevier Ltd.
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The classical catalysts for electrochemical reactions of practical
interest usually consist of expensive noble metals such as Pt, Pd
and Rh [1]. In recent years electrochemists have learned to prepare
such catalysts in the form of nanoparticles supported on cheaper
substrates; the corresponding electrodes have a high specific area
and are much cheaper than bulk materials [2–4]. In addition, the
nanoparticles sometimes have different catalytic properties than
their macroscopic counterparts.
This emerging science of electrochemical nanotechnology also
offers the possibility to construct bimetallic structures with new
catalytic properties. Examples of such structures are surface alloys,
clusters or monolayers of a metal on a foreign substrate [5–10]. In
this work, we study a particularly interesting case of the formation
of a bimetallic catalyst: the deposition of rhodium on silver.
There are three classical mechanisms through which the
growth of thin films can be analysed: (1) Frank-van der Merwe
or layer-by-layer growth; (2) Volmer-Weber growth or growth
through formation of three-dimensional clusters; and (3) Stranski-* Corresponding author at: Instituto de Ingeniería Electroquímica y Corrosión,
(INIEC)—Universidad Nacional del Sur, Bahía Blanca, Argentina.
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0013-4686/ã 2015 Published by Elsevier Ltd.Krastanov growth or layer-by-layer growth followed by cluster
growth [11]. The surface energy of rhodium 2.83 Jm-2 is much
higher than that of silver (1.30 Jm-2) [12]. Therefore one would
expect that the deposition of Rh on Ag would follow the Volmer-
Weber mechanism of three-dimensional growth, and that small
clusters of Rh on Ag would be unstable. However, we shall
demonstrate in this work both by experiments and by theory, that
anions play a pivotal role in the stability of these clusters.
Before examining the electrochemical situation, let us take a
brief look at the deposition of Rh on Ag in uhv. Under these
conditions a Ag-Rh-Ag sandwich is formed on the surface [12]. At
room temperature, the thermal diffusion of Ag is negligibly slow
and the growing film would be rough, but it would have some
layer-by-layer quality, especially for the first 2-3 monolayers [12].
Since the phase diagram [13] indicates that less than 0.5 at. % of Rh
is soluble in Ag at room temperature, both metals are hardly
miscible and alloy formation can be disregarded.
Chang et al. [14] have shown that by an activated exchange of Rh
adatoms with Ag surface atoms the Rh/Ag(100) system evolves
toward the energetically favoured Ag/Rh/Ag(bulk) structure. At
intermediate coverages nucleation and growth of mixed Rh/Ag ad-
islands occurs simultaneously. L.D. Roelofs et al. [15], based on
Monte Carlo kinetics simulations, proposed that the dominant
mechanism of hole formation in this system involves the growth of
vacancy islands via an upward exchange diffusion move.
Fig. 1. Cyclic voltammogram of a polycrystalline silver electrode obtained in
2.5 mM of Rh2(SO4)3 + 0.05 M Na2SO4. Scan rate: 20 mV s1.
814 E.N. Schulz et al. / Electrochimica Acta 178 (2015) 813–822Li et al. [16] have found that the growth of overlayers of Rh on
Ag(100), while suffering from easy interdiffusion of Ag in and onto
Rh, does produce pseudomorphic, albeit mixed, overlayers.
In the case of electrodeposition, the electrochemical environ-
ment plays a key role in the structure of the formed film, and
therefore completely different behaviour can be expected than at
the metal-vacuum interface. Diverse mechanisms can be tuned by
the applied potential. In addition, the presence of anions can
stabilize or inhibit the formation of certain structures.
Kibler et al. [17] have investigated the electrochemical deposition
of Rh on Au(111) from RhCl3 in sulphuric acid media by means of in-
situ STM and cyclic voltammetry. We expect some similarities
between these results and ours. Au and Ag have very similar lattice
constants and both are coinage metals. On Au Rh starts to deposit
irreversibly around 200 mV versus SCE [17]. First a rhodium bilayer
grows, the electrochemical behaviour of which is similar to that of a
well-ordered Rh(111) surface. On top of the second Rh monolayer
small, three-dimensional clusters are formed. Also, a phase
transition in adlayers of Rh-Cl complexes was observed, similar to
the process of adlayers of Pd-Cl complexes.
More recently, Arbib et al. [18] have also investigated the
electrodeposition of Rh on Au. They have shown that the deposition
of Rh proceeds through a nucleation and growth mechanism, and
that the overall electrocrystallisation phenomenon can be described
in terms of the Stranski–Krastanov mechanism predicting the
nucleationandgrowth of the3DRhclustersonthetopofa preformed
2D Rh phase.
Pletcher and Urbina have studied the effect of sulphate [19] and
chloride [20] anions on the electrodeposition of Rh on vitreous
carbon and copper. In both media Rh deposition occurs with a
substantial overpotential.
The electrodeposition of Rh on vitreous carbon depends
strongly on the preparation of the surface [20]. In a previous
work, some of us [21] have demonstrated that on an activated
glassy carbon (GC) substrate, the formation of Rh deposits involves
a 2D–3D nucleation transition. An initial 2D progressive nucleation
is observed at short times, which evolves into a 2D instantaneous
nucleation process at more cathodic potentials. In both cases these
2D nucleation processes are followed by a 3D nucleation with
diffusion controlled growth at longer times.
The goal of this work is to investigate the effect of anions such as
chloride and sulphate on the stabilization of given Rh-Ag nano-
structures. Which growth mechanism takes place according to the
type of anions present in the electrochemical environment? What
are the driving forces that determine if homogeneous monolayers
or three-dimensional conglomerates are formed? The answer to
these questions is of fundamental importance for the design of
new electrocatalysts or for the electroplating research field. Our
strategy to elucidate these issues is a combination of experimental
and theoretical approaches.
2. Experimental
A silver polycrystalline wire with an exposed area of 0.314 cm2
was employed as working electrode. Previous to the experiments,
this electrode was chemically treated with KCN and H2O2, and
following a flame annealing procedure [22]. Rh deposits were
removed by potential sweep in a 0.1 M CrO3 solution, prior to a
brief dipping in concentrated nitric acid and a careful wash with
milli-Q water.
In order to study the effect of anions on the deposition of Rh, the
following solutions were employed: 5 mM Na3RhCl6 + 0.5 M NaCl
(pH = 3.3) and 2.5 mM Rh2(SO4)3 + 0.05 M Na2SO4. All chemicals
were of ultra-pure quality and the solutions were prepared with
milli-Q water, which were purged with N2 prior to each
experiment.All measurements were carried out at room temperature
(298 K) in a conventional electrochemical cell. The reference
electrode was a saturated calomel electrode (SCE) inside a Luggin
capillary.
Measurements were carried out by a computer controlled
Autolab, model AUT 84233, using NOVA 1.6 software.
Each electrochemical measurement was performed several
times and proved to be well reproducible.
3. Results and discussion
3.1. Electrochemical response in sulphate-containing electrolytes
Fig. 1 shows the cyclic voltammetry response of a polycrystal-
line Ag electrode immersed in 2.5 mM Rh2(SO4)3 + 0.05 M Na2SO4
solution at a potential scan rate of 20 mVs1. The voltammogram
shows three peaks in the negative scan at 0.155 V (I), 0.330 V (II)
and 0.500 V (III) and two peaks in the positive scan, at 0.185 V
(II’) and 0.375 V (III’).
If the negative limit of the potential scan is shifted in the region
where peak I is located, a well-defined nucleation loop appears
[23]. A similar behavior has been found by Pletcher and Urbina [19]
for the deposition of Rh on GC, although the position of this peak
was at lower potentials (Ep = 0.440 V). Arbib et al. [18] have
obtained this characteristic loop for Rh deposition on Au(100), as
well as on a polycrystalline Au electrode. Therefore, Peak I can be
assigned to a 3D nucleation and growth process for the new Rh
deposits, as it will be confirmed later on by the chronoampero-
metric experiments. The theoretical electrodeposition potential of
Rh/Rh3+ calculated from Nernst equation [24] for our experimental
conditions, is much higher (0.52 V vs SCE) indicating that this
process occurs with a large overpotential on Ag substrates.
However, this overpotential is lower than that observed in the
case of Rh electrodeposited on GC as substrate [19]. Rh deposits
cannot be removed by making the potential more positive, mainly
due to the formation of an oxide film that passivates the deposits
[25].
Another interesting feature is that peak II’ is not observed when
the scan limit is set to a potential value below peak II. This seems to
indicate that these two peaks are related. Both peaks also show a
linear dependence of the peak current on the scan rate indicating
processes that take place under charge transfer control (not shown
here, see Fig. S.1 in the Supporting Information (SI)). Therefore
peak II must be related to the underpotential adsorption of
hydrogen (HUPD) on the newly formed Rh phase and peak II’ can be
due to the desorption of the HUPD. Pletcher and Urbina [19,20] have
Fig. 3. Transients family recorded at potentials around the peak II in 2.5 mM of
Rh2(SO4)3 + 0.05 M Na2SO4. The potential was stepped from 0 V.
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irreversibility is already observed for the adsorption/desorption of
hydrogen on Rh monocrystalline electrodes [26], in our case is
much more pronounced. There are several possible reasons for this
effect. It could be due to the partially irreversible oxidation of Rh at
higher pH. Such an irreversibility is usually also related to a
competition of adsorbed hydrogen with adsorbed anions [27].
Furthermore, the 3D growth of Rh can produce nanostructures
showing high index orientation [28], which causes complex
adsorption processes.
Concerning peaks III and III’, both show a linear dependence of
the peak current on the square root of the scan rate (not shown here,
see Fig. S.2 in the SI). This behavior is characteristic of a process
under mass transfer control. Experimentally, the formation of small
gas bubbles was observed at the beginning of peak III, suggesting
that this peak is due to the reversible hydrogen evolution reaction.
Therefore peaks III/III’ can be assigned to the global reaction:
2H+ + 2e fi H2. This observation is in agreement with similar
results for Rh deposits on glassy carbon substrates [19–21].
In order to obtain more information, we have performed
chronoamperometric experiments by the application of potential
steps from 0 V to the potential region around peaks I,II and III.
The chronoamperometric response obtained by application of
potential steps in the potential range around peak I (from 0.190 V
to -0.100 V) can be observed in Fig. 2. These current-transient
curves show the characteristic shape of a charge-controlled
process, similar to the deposition of PbO2 on GC through a
mechanism involving progressive nucleation 3D-growth [29]. This
observation is in good agreement with the linear dependence of
the peak I current on the potential scan rate.
Fig. 3 shows the chronoamperometric response around peak II
obtained by potential pulses from 0 V to values between 0.350 V
and 0.270 V. At potentials below peak II the process starts like a
3D deposition, as it is evident from the classical bell shape of the
transient with a long tail. At potentials higher than the peak II, the
response evolves into a more complex shape, and a second
deposition process apparently starts. Similar coupled deposition
processes were obtained by Palomar-Pardavé [30] and Schulz et al.
[21] for the deposition of Rh from 5 mM Na3RhCl6 + 0.5 M NaCl
solutions onto an electrochemically activated glassy carbon
electrode. After the transient maximum the current decays to a
stationary state following the Cottrell law for diffusional controlled
process, in agreement with the results obtained by cyclic
voltammetry described above.Fig. 2. Transients family recorded at potentials around the peak I in 2.5 mM of
Rh2(SO4)3 + 0.05 M Na2SO4. The potential was stepped from 0 V.In the potential region of peak III, the response shows a
continuous decay of the current with the typical hyperbolic-shape
found in other works [19].
At higher overpotentials, mass transfer controls the process of
Rh deposition. In this case, a current decay is obtained in the
chronoamperometric response characteristic of Cotrell’s regime of
semi-infinite planar diffusion.
3.2. Electrochemical response in chloride-containing electrolytes
Fig. 4 shows the voltammetric response for the deposition of Rh
from a 5 mM Na3RhCl6 + 0.5 M NaCl solution at a scan rate of
20 mVs1. Several peaks corresponding to different processes are
observed, which will be analysed in detail. On the first negative
scan, a peak appears at E = 0.150 V, which corresponds to two
different processes. Effectively, this peak splits at higher potential
scan rates, since the involved processes show a different
dependence on scan rates. The first process appearing during
the first negative scan can be attributed to rhodium deposition. The
equilibrium potential calculated by using Nernst’s equation is
Eeq= 0.19 V for our conditions. Given the fact that this potential is
more positive than the potential at which peak I starts, the
underpotential deposition (UPD) of Rh is discarded as an
explanation for this peak. During the second potential scan, Rh
deposition starts at a more positive potential, closer to the
calculated equilibrium potential for the couple Rh3+/Rh. This is
because the overpotential required to deposit Rh over previous Rh
deposits is lower than that required for Rh deposition on Ag. The
second process that becomes evident at higher scan rates can be
assigned to the underpotential deposition of hydrogen on the
freshly deposited Rh. Since rhodium deposition is a diffusion
controlled process, it depends linearly on the square root of the
scan rate, whilst the process due to hydrogen adsorption depends
linearly on the scan rate (not shown here, see Fig. S.3 in the SI). This
difference in the dependence with the scan rate allows us to
separate the two peaks by simply varying the scan rate in the
voltammetric experiments (see upper inset in Fig. 4).
In the potential region between 0.175 V and 0.200 V a
nucleation loop can be observed, i.e. a range of potentials in which
the cathodic current is higher than the anodic current (see inset at
the bottom of Fig. 4). The crossover potential is Eco = 0.200 V, but
it is not well defined due to the formation of a passivating oxide
layer [21]. According to Fletcher et al. [23], under charge transfer
Fig. 4. (a) Cyclic voltammograms of a polycrystalline silver electrode obtained in 5 mM Na3RhCl6 + 0.5 M NaCl. Scan rate: 20 mV s1. (b) Zoom of the characteristic nucleation
loop, (c) the split of peak I at higher scan rates (black line: 20 mV s1, red line: 40 mV s1, blue line: 60 mV s1, green line: 80 mV s1, pink line: 100 mV s1, dark yellow line:
120 mV s1).
Fig. 5. Cyclic voltammogram obtained with a Rh(111)-electrode in a 0.5 M NaCl
solution in the absence of Rh3+ ions. Scan rate: 20 mV/s.
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potential of the metal redox couple. However, in this case this
potential cannot be directly related to the equilibrium potential of
the redox couple due to the irreversibility of the Rh deposition
process [23], and the presence of different complex ions of the
form [RhCln(H2O)6-n]3n, [RhCl5(H2O)]2 and [RhCl4(H2O)2], the
latter being the dominating species [20].
The peak denoted as II at E = 0.300 V shows the characteristic
shape of a 3D nucleation mechanism followed by a rapid growth of
the new phase under diffusional control [14]. This was also
confirmed by chronoamperometric experiments. The trend
followed by the current peak II is linear with the square root of
the scan rate, which could be associated with rhodium deposition
and growth under mass control. According to Pletcher et al. [20],
after the rhodium deposition process takes place, the hydrogen
evolution seems to occur in two distinct steps, the first being
represented by peak III at 0.450 V, and the second step
corresponding to the increase in current observed at E = 0.900 V.
The voltammogram shown in Fig. 5 of a Rh(111) electrode in 0.5 M
NaCl solution in the absence of Rh3+ ions supports the idea that
these responses are not related to electrodeposition processes of
the metal. Although the potentials are slightly shifted, one can
clearly distinguish a small peak I at 0.212 V corresponding to the
UPD of hydrogen, the first step for the hydrogen evolution (peak III
at 0.400 V) and the starts of the massive evolution reaction
around 0.900 V. The peak II corresponding to the 3D nucleation of
Rh is obviously absent.
In order to analyze in more detail the Rh electrodeposition
process, a family of current transients was recorded around peak I
by selecting an initial potential of 0 V where no deposition of Rh is
detected in the cyclic voltammogram (see Fig. 6). After the first
decay due to double layer charging, the current increases to a
maximum with an inverted parabola shape, characteristic of a 2D
deposition process. In the case of the potential steps to 0.120 V
and 0.130 V, the current subsequently drops off, tending to a
constant value, which indicates that Cotrell’s semi-infinite
diffusion regime has been reached, also confirmed by the linear
relation between the current and the inverse of the square root of
time (see Fig. S.4 in SI). On the contrary, for the potentials steps to
150 mV and 170 mV, a 3D growth bell-shape can be seen afterthe appearance of the 2D peak. This is a clear indication of a 2D-3D
growth mechanism transition.
Fig. 7 shows a set of current transients recorded when the
potential is stepped from 0 V to more negative values located in the
region of potentials where peak II is observed. After the current
drop due to the double layer charging a shoulder appears, which
probably corresponds to the formation and growth of Rh nuclei. At
longer times, the transients exhibit the typical shape for a
nucleation process with three-dimensional (3D) growth of nuclei
limited by diffusion of the electroactive species [22]. After the
current passes the maximum when the individual diffusion zones
of adjacent nuclei overlap, it decays converging to a limiting
current, which corresponds to the linear diffusion of the electro-
active ions to the planar electrode. In this region the current
follows the usual t1/2 dependence according to the Cottrell
equation (not shown here, see Fig. S.5 in the SI).
Dimensionless plots with normalized current density and time
scale with the corresponding values for the maximum are
Fig. 6. Current transients for the nucleation of Rh on Ag recorded in the range of
0.170 < E/V < 0.120 in Na3RhCl6 5 mM + NaCl 0.5 M solution. The potential steps
were applied from a starting potential of 0 V.
Fig. 7. Current transients set recorded in the range between 0.350 V and 0.240 V
in Na3RhCl6 5 mM + NaCl 0.5 M solution. The potential steps were applied from 0 V.
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where jmax and tmax are the maximum current density and the time
at which it is attained, respectively.
Similarly, Eqs. (3) and (4) proposed by Sharifker and Hills [32],
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Fig. 8a and 8b shows the dimensionless plots for two different
potentials in the regions of peak I and II respectively in comparison
with the theoretical curves for the response according to the
various mechanisms mentioned above.
These results clearly demonstrate that in the region of peak I the
predominant process is an instantaneous nucleation and 2D
growth of the deposit, while in the region of peak II a progressive
nucleation and 3D growth occurs. In the latter case, at short time
during the early parts of the rising transients, the overlap with
other processes such as the double layer, makes the fit difficult.
However, the fit is good at longer time intervals, where the effect of
processes, such as the reorganization of the electrical double layer
are negligible.
Some characteristic parameters can be obtained by fitting the
experimental current transients. In the region where the 2D
growth takes places (around peak I), the current response can be
described through the following expression [17,31]:








ð5Þe potential region of peak I and (b) the potential region of peak II. The black lines are
nd red lines represent the theoretical curves calculated using Eqs. (1)–(4).
Fig. 9. Potential dependence of the product Nok2 from Table 1 obtained by fitting
the current transients in the potential region of peak I with Eq. (5).
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in the reaction, M and r the rhodium atomic mass and density
respectively, h the height of the monolayer, No the active site
density number and k the 2D lateral growth rate constant.
Table 1 shows the results obtained using Eq. (5) to fit the
experimental curves in the region of peak I. The values for the
height h are reasonably good for up to two monolayers of Rh. These
values also are in agreement with preliminary in situ STM studies
of the Rh electrodeposition from solutions containing chloride ions
[33], where small clusters of monoatomic height were found in this
potential range during the first stage, which finally evolve to
bilayers.
A logarithmic representation of Nok2 as a function of potential
gives a linear dependence (see Fig. A.6 in the A). The slope indicates
that the potential dependence is governed by the rate constant k,
with a transfer coefficient of about 0.5 (see Fig. 9).
In the region of peak II, where the deposition of Rh takes place
through a 3D growth mechanism, the current transients were
analyzed using the approach proposed by Heerman and Tarallo
[34]:






























where A is the kinetic constant for the appearance of new
nucleation sites, N0 is the initial number of nucleation sites, z is the
number of exchanged electrons, F is Faraday’s constant, r is the
density of the metal as a solid, c is the metal ion bulk concentration,
and D its corresponding diffusion coefficient. The function w is
directly related to the Dawson's integral and reflects the
retardation of the current by slow nucleation, and u reflects the
retardation of the growth of the surface coverage as a result of slow
nucleation.
The fit of the current transients of Fig. 7 using this approach (not
shown here, see Fig. S.7 in the SI) gives a density of active
nucleation sites No of about 1012 cm-2 and a diffusion coefficient
of 6.5 10-6 cm2/s, which is in good agreement with previously
reported values in similar systems [14,21,26,29]. The nucleation
rate constant A increases with the overpotential resulting in a
charge transfer coefficient of about 0.42.
We can conclude that the deposition of Rh on Ag occurs at
higher overpotentials than the theoretical value and it strongly
depends on the anions present in the electrolyte. In solutions
containing chloride, the overpotential is lower than in sulphateTable 1
Results obtained by fitting the experimental potentiostatic curves—in the potential
region of peak I (0.170  E/V  0.120) using Eq. (5).
Potential/V Nok
2/mol2 cm6 s2 h/Å R2
0.12 3.28 2.26 0.997
0.13 7.74 2.85 0.998
0.15 29.5 3.40 0.996
0.17 162 2.50 0.999media, similarly to the results obtained by Pletcher and Urbina
[14,16] on GC. However, in both media the overpotential for the
deposition of Rh on Ag is lower than for Rh on GC. An interesting
effect observed is the appearance of an instantaneous nucleation
with a 2D-growth process in a potential range between 0.1 V and
0.2 V when the electrodeposition occurs in the presence of
chloride anions. Clusters with up to two monolayers of Rh can be
inferred from the chronoamperometric transients in this potential
region, which are corroborated by preliminary STM measure-
ments. At higher overpotential a 2D–3D growth mechanism
transition occurs. In the case of sulphate media only a 3D growth
mechanism can be observed.
3.3. Density Functional Theory (DFT) studies of the effect of chloride on
the deposition of Rh
DFT calculations were performed in order to shed some light on
the experimental data. The Ag substrate was modeled as a Ag(111)
surface. Computational details are given in the SI (supporting
information).
The stability of Rh overlayers on Ag depends on geometric and
electronic factors, as well as on the presence of stabilizing species
in the environment (for example, anions that specifically adsorb in
an electrochemical system). The mismatch of their lattice
constants leads to lateral strains of Rh overlayers. In some cases,
the chemical interaction between two different metals can be
strong enough to compensate for the geometric effect, as it is the
case for metallic underpotential deposition (UPD).
In a first step, the energetics of the system Rh/Ag with different
amounts of Rh deposited on Ag(111) was analyzed in order to test
its stability. Here, it is important to distinguish between different
definitions of energy, which consider different references and
normalizations factors.
The adsorption energy per atom, when n atoms of Rh are
deposited on the Ag(111) surface at a coverage u lower than one
monolayer is defined as:
ERhads: uð Þ ¼ EDFTnRhAgSlab  nEDFTRhBulk  EDFTAgSlab
h i
=n ð10Þ
where EDFTnRhAgslab is the resulting DFT-energy calculated when n
atoms of Rh are deposited on the Ag slab. Here, the references are
the n atoms of Rh in the bulk of Rh and the Ag slab, and the energy
is normalized by the numbers of Rh atoms. This expression
(Eq. (10)) can be interpreted as the binding energy between Rh and
Ag. A positive value indicates an endothermic process for the
formation of the Ag-Rh bond.
Fig. 10. Energetics of the Rh deposition on Ag(111). Top: Adsorption energy per Rh
atom for a coverage lower than one monolayer as obtained from Eq. (10), formation
and differential formation energy for successive monolayers of Rh as calculated
from Eqs. (11) and (12), respectively. Bottom: surface energy for different amounts
of Rh. The lines correspond to the clean surfaces of Ag(111) (violet dotted line) and
Rh(111) (red dotted line), to the Ag(111) surface containing one monolayer of Rh
intercalated below the top layer and the bulk (green dotted line) and to the surface
of an artificial Rh(111) system calculated using the lattice constant of Ag(111) (blue
dotted line).
Table 2
Energy for the co-adsorption of chlorine and Rh atoms calculated with Eq. (15) at
different coverages. The adsorption energy per Cl atom on the clean Ag(111) is also
shown.
Eads/eV atomCl1 Cl0.25 Cl0.50 Cl0.75 Cl1.00
Rh0.00 1.49 1.17 -0.76 0.17
Eads/eVÅ2
Rh0.25 0.034 0.026 0.024
Rh0.50 0.052 0.004 0.043
Rh0.75 0.058 0.006 0.016
Rh1.00 0.055 0.009 0.02 0.03
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numbers L of Rh monolayers are deposited on the Ag(111) surface:
ERhf Lð Þ ¼ EDFTLRhAgSlab  LEDFTRhBulk  EDFTAgSlab
h i
=L ð11Þ
This energy corresponds to the process of taking L Rh atoms
from the bulk and depositing them on a 1 1 unit cell of Ag(111).
Due to the periodic boundary conditions this is equivalent to the
formation of L monolayers of Rh on Ag. The energy is normalized by
the number of deposited layers.
A useful concept is the differential formation energy, which
corresponds to the same process but taking RhL-1/Ag(111) instead
of Ag(111) as reference system (for L = 1 it gives the same energy as
the total formation energy):
dERhf ¼ EDFTLRhAgSlab  LEDFTL1ð ÞRhAgSlab  EDFTRhBulk ð12Þ
Another important definition is the surface free energy, which
is given in the framework of first-principles atomistic thermody-
namics by [39]:





Here, the environment acts as a reservoir, such that taking or
adding atoms from or to the surface does not produce neither
temperature nor pressure changes. The Gibbs free energy contains
an energy term (calculated by DFT), and an entropic term due to
the vibrational energy of the atoms. However, because rhodium is a
relatively heavy atom, the vibrational term can be neglected. The
energy is normalized by the surface area Acell of the unit cell. The
surface energy corresponding to the clean surfaces of Ag(111) and
Rh(111) is given by:
gMClean p; Tð Þ ¼
1
2Acell
GM 111ð ÞSlab  nMgM
h i
ð14Þ
The factor of two accounts for both equivalent surfaces of the slab
(bottom and top). nM is the total number of metal atoms in the
slab.
Fig. 10 shows the energetics of Rh-Ag(111) systems for different
contents of Rh. On the top of the figure, energies are shown
obtained according to Eqs. ((10)–(12)). In all the cases the values
are positive indicating that the formations of Rh-Ag mixed systems
are thermodynamically unfavorable (endothermic processes) as
expected according to the chemical properties of these systems.
The formation energy per atom and per layer of Rh decreases with
the amount of Rh since the attractive Rh-Rh interactions are
stronger than those between Rh-Ag atoms. The differential energy
dEf decreases substantially for the second Rh overlayer, approach-
ing to zero (0.108 eV). Afterwards, it increases to a plateau that
corresponds to the formation of a Rh monolayer over a Rh(111)
substrate with the lateral lattice constant of Ag. We can conclude
that the formation of two monolayers of rhodium is the most
favorable situation in vacuum. This theoretical result supports our
experimental finding (see Table 1) and the inferences from STM
images [33].
From the fourth rhodium overlayer the electronic influence of
the substrate atoms on the top rhodium layer is negligible; in this
case geometric effects dominate over the electronic effects. At the
bottom, the surface energies obtained from Eqs. ((13) and (14))
are shown. The surface energy of Rh(111) is larger than the surface
energy of Ag(111) and this is in agreement with the instability of
Rh overlayers on Ag. The surface energies for the clean surfaces
are in agreement with both experimental and theoretical values
in the literature [36,35]. When the amount of Rh on Ag(111)
increases, the surface energy also increases and from the 4th layer
of Rh it reaches the value corresponding to the artificial Rh(111)
system calculated using the lattice constant of Ag(111). Theformation of one monolayer underneath the surface of Ag(111) is
also unfavorable (ERhf ¼ 0:67eV) and the corresponding surface
energy almost similar to that of a clean Rh(111) surface.
Another fundamental question concerns the role of anions in
both structural ordering of deposited metals as well as in the
kinetics of metal deposition [38,37]. From our experimental results
Fig. 11. Free energy for the electrodeposition of Rh on Ag(111) from the complex RhCl36 as a function of the electrochemical potential calculated by Eq. (17) according
to the experimental conditions: CCl = 0.5 M, CRhCl36 = 5 10
3M. Top: various representative cases at various coverage of Cl and Rh. The inset shows the structure
of the system with the lower adsorption energy ERhClads (from Eq. (15)) corresponding to the curve with triangles and blue line (see also Table 2). The shaded
grey bar on the x axis shows the region where the 2D growth mechanism has been experimentally observed. Bottom: zoom of the upper plot showing the more
favorable cases. The corresponding structures are shown at the side.
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the stability of the Rh overlayers on silver electrodes. In order to
investigate these effects, we have performed theoretical calcu-
lations for the co-adsorption of Rh and Cl. We have investigated
different possible configurations at different coverages of both Cl
and Rh atoms. In the case of bare silver we studied 48 structures
and in the case of Rh-Cl we considered 111 arrangements. Here, weshall discuss only the more relevant and favourable of such
structures.
It is well known from experiments that Cl binds strongly to metal
surfaces and particularlyto silver. This behaviorhas been observed in
both the gas phase and the electrochemical environment. In the case
of Ag(111), chloride adsorbs randomly at low coverages and at about
0.1 V vs SCE a phase transition occurs to an ordered non-
E.N. Schulz et al. / Electrochimica Acta 178 (2015) 813–822 821commensurate structure (aligned hexagonal 1.38  1.38, u = 0.53)
[39,40]. Surface analysis techniques have revealed a remarkable
similarity between the structures obtained in the gas phase and in
an electrochemical environment. Experimental results of Hourani
and Wieckowski [41] also indicate that chloride interact much more
strongly with rhodium than with platinum.
The adsorption of chlorine on three low Miller index silver
surfaces has been systematically investigated by using the first-
principle density functional method with the slab model by Fu
et al. [42]. Different chlorine coverages (1/6, 1/4, 1/3 and 1/2) and
several adsorption geometries were considered. At low coverages
(u  0.5) the adsorption energy practically is constant (about
1.54 eV for the adsorption on the most favorable site (fcc) of Ag
(111)). At higher coverages the repulsion between neighbors
chloride induces a decrease on the adsorption strength. F.
Gossenberger et al. [43] found an adsorption energy of 1.60 eV
for a coverage of u=0.11. The first row of Table 2 shows our results
for the adsorption of chloride on a clean Ag(111) surface at different
coverages obtained using an equation similar to the (10) but for Cl
instead Rh atoms. The values are in a very good agreement with
previous works.
In the case of the co-adsorption of Cl and Rh atoms, we define
the adsorption energy per area of the unit cell as:









where n and m are the numbers of Rh and Cl atoms in the unit cell.
Because of the possibility of the Cl adsorption on both Ag and Rh
sites, uRh + uCl can be higher than one.
Also the energies for the co-adsorption of Rh and Cl are shown
in Table 2. The process is exothermic for some of the config-
urations. The most favorable case is when uRh = 0.5 and uCl = 0.75.
Here the Cl atoms adsorb on combined sites between Rh and Ag,
and stays at a different height of the surface (see top and side view
in Table 2).
However, the above analysis is valid for the metal/vacuum
interface. In an electrochemical environment the effect of the
electrode potential must be included in the analysis, as was done in
recent publications by Gossenberger et al. [42] based on previous
work by Hansen et al. [43] has been suggested that in order to
describe the adsorption of halides at electrochemical interfaces the
electrochemical potential must be used as parameter.
We apply a similar procedure and calculate the free energy for
the electrodeposition of Rh on Ag(111) from the complex RhCl36 in
the presence of chloride anions according to our experimental
conditions. We build a thermodynamic cycle (see Supporting
Material) and obtain the free energy for the reaction:
nRhCl36 þ mCl þ AgSlab ! nRhmCl=AgSlab þ 6nCl
þ m  3nð Þe ð16Þ
The corresponding dependence of the free energy on the
applied potential USCE is given by:










where UoRhð¼ 0:190eVvsSCE for CRhCl36 ¼ 5x10
3MÞ and
UoCl(=1.14 eV vs SCE for CCl
 = 0.5 M) are the equilibrium potentials
for the redox couples RhCl36 þ 3e$Rh þ 6Cl and
Cl2 þ 2e$2Cl, respectively. In our case, we have to consider
not only the redox couple corresponding to the chloride formation
from chlorine, but also the couple for the electroreduction of Rh
from the complex that we have used in the experiments.The Eq. (17) contains the electrode potential explicitly and
accounts for the electrochemical environment indirectly by using
the tabulated values for the equilibrium potentials as references.
Double layer capacitance effects and the varying excess charge at
the metal electrode as a function of the electrode potential are not
considered. This analysis is based on the thermodynamics of the
systems and it does not take into account kinetic effects.
Fig. 11 shows the free energy normalized per area as obtained
from Eq. (17) for the most relevant cases. In the absence of Rh,
expression (17) reduces to that proposed by Gossenberger et al.
describing the adsorption of chloride on Ag. Coverage of 0.50 is
reached not before 0 V vs SCE in agreement with experiments
[38,39].
It is noteworthy that the two last terms in Eq. (17) depending on
the potential have different sign; therefore the adsorption of
chloride is favored at more positive potentials, while the
electrodeposition of Rh is favored at more negative potentials,
as expected. Thus, not only the adsorption energy calculated by
DFT but also the interplay between these two factors determines
the effect of the presence of Cl in the stabilization of the
electrodeposited Rh. This becomes evident in Fig. 11. In the
absence of Cl, the formation of one monolayer of Rh on Ag(111) is
possible only at potentials more negative than 0.2 V (DG < 0).
The presence of Cl shifts this onset by about 0.18 V to more positive
potentials in agreement with the experimental finding in solution
containing chloride anions. Effectively, if we compare the
experiment in the presence and in the absence of chloride, in
the latter case a 2D-growth mechanism has been identified at the
potential range where the DG becomes negative in Fig. 11. Chloride
coverage of about 0.25 is enough for the stabilization. Larger
coverage (see the curves for uCl = 0.5 and uCl = 0.75) produces a
slight increase of the free energy, probably due to repulsion
between neighboring chloride. Noticeable is also that the Rh-Cl
arrangement with the lowest adsorption energy (uRh = 0.5 and
uCl = 0.75, blue line with triangles in Fig. 11) is not the most
favorable in the potential range of interest. The DG becomes
negative not till about 0.4 V for this configuration. This is because
of the opposite effect of potential mentioned above for Rh
electrodeposition and Cl adsorption given by the latter two terms
of Eq. (17). The stability increases for configurations with higher
coverage of Rh. These results are in agreement with the
experimental evidence that chloride stabilizes the Rh first layers
on silver.
4. Conclusions
We have investigated the electrodeposition of Rh on Ag
electrodes using a combination of experimental and theoretical
approaches. We have found that the presence of chloride stabilizes
the formation of Rh clusters of monoatomic height on the surface
of Ag, which evolve to bilayers. This process occurs in a potential
range between 0.1 to 0.2 V vs SCE. In contrast, the electrodepo-
sition of Rh from a sulphate rich media, follows a 3D nucleation and
growth, which stresses the importance of the anions in the
observed nucleation mechanism. Also, in the case of a chloride rich
media, the modeling of chronoamperometric experiments has
identified a clear transition from 2D to 3D growth mechanism. At
more negative potentials the Rh electrodeposition takes place
through a 3D growth with progressive nucleation. Although some
approximations must be assumed, the theoretical ab-initio
thermodynamics gives an astonishing agreement with the experi-
ments and answers fundamental questions about the driving
forces, which determine the growth mechanism. Therefore we
have provided some new tools to improve the design of electro-
catalysts at the nanoscale.
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